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ABSTRACT

Passive thermal protection concepts are developed to improve
the thermal performance of simple radiative surfaces in mobile,
dusty, lunar environments. The concepts consist of secondary
surfaces which shade the primary surface at high solar elevations,
thus, lowering the maximum temperatures incurred. At low solar
elevations, the secondary blocks radiation from the primary sur-
face and thereby raises its minimum temperature. Optimization
parameters for dual surface configurations are illustrated.

Several methods of raising the minimum temperature of the
primary surface at low solar elevations are discussed including
solar powered heaters, variable area primary surfaces, glass
covered high absorptance materials, and conical secondaries.
Various means of lowering the maximum temperatures incurred by
the basic dual surface design are described including multi-
characteristic materials, conical secondary surfaces, and
infrared radiation shields.
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area of the primary surface

unshaded area of the primary surface

area of
area of
area of
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the

diameter of

diamete

r of

secondary surface

bottom of the secondary surface

top of the secondary surface

secondary surface exposed to lunar albedo
lunar surface

the primary surface

the secondary surface

geometric view factor representing the fraction of energy
radiated by surface i that is incident on surface j. Sub-
scripts i and j follow the same definitions as those for

area above

solar constant

height of the secondary surface

height of the solar panel

ratio of area j to area i

apparent displacement of two surface due to solar elevation

internal power dissipation

radius
radius
radius

radius

of the primary surface

of the secondary surface

of the bottom of a conical secondary surface

of the top of a conical secondary surface

solar absorptance, numerical subscripts refer to surface
defined for areas



angle between the side of a conical secondary and the
horizontal

emittance, numerical subscripts refer to surfaces defined
for areas

Stefan-Boltzman constant
transmittance in visible light spectrum
transmittance in the infrared light spectrum

solar elevation
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1.0 INTRODUCTION

The concepts of thermal protection developed in this report
are the results of work relating to the design of a thermal pro-
tection system for the Surface Electrical Properties (SEP)
experiment scheduled to be flown as part of the Apollo 17 mission
in 1972.

The SEP experiment is essentially a depth sounding concept and
includes a stationary transmitter and a mobile receiver carried on
the Lunar Rover Vehicle (LRV). Several techniques have been
developed to adequately protect stationary electronic equipment in
the harsh lunar environment which ranges from -175°C at lunar
night through -60°C at dawn to +125°C at noon. However, the ther-
mal protection of mobile equipment is complicated not only by the
changing solar orientation but also lunar dust which degrades
radiative surfaces. Further, the SEP receiver which dissipates
about 6.5 watts internally includes a tape recorder which requires
that the package internal temperature be held between +5°C and 50°C.

A large "thermal mass" using wax in a totally insulated
envelope can and has been used; however, this technique necessarily
requires a relative large mass and limits the duration of continuous
operation. This report discusses various.configurations and
techniques which minimizes the effects of both variable solar
orientation and lunar dust.

The NASA Manned Space Center has some preliminary information

about how the radiative properties of various materials change with



dust cover and the results indicate that degradation of radiative
surfaces causes the solar absorptance and the emittance to change
and ultimately approach the values of the lunar surface (as = .90,
e= .85). 1In the report, second surface mirrors are used for the
radiative surfaces which will be assumed to degrade with dust
according to the description values given in Table 1.1. It should
be noted that if surfaces other than second surface mirrors are
used and the results,configurations, etc., report here are, in

general, applicable.

Table 1.1

Clean and Degraded Values used
for Second Surface Mirrors

Fontamination o €

|

mone (clean) .085 .85
dusty .20 .85
very dusty .40 .85
dirty .90 .85
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2.0 FUNDAMENTALS OF SIMPLE RADIATIVE SURFACES

2.1 Equilibrium Equations

A basic thermal model for an experiment dissipating power
through a radiative surface is shown in Figure 2.1. The equilibrium

equation for this configuration may be written as:

energy [internal powef] [solar energ%]
= +
radiated dissipation absorbed
seTia - P + Ga_A sin (0) (2.1)
where G = solar flux (130 watts/ftz)

P = internal power dissipation (watts)

8 watts )

£t2- (°K) 4

a_= solar absorptance of radiative surface
(see Table 1.1)

o = Stefan-Boltzmann Constant (.527x10

e = emittance of radiative surface (.85)

A = area of radiative surface (ft2)

©@ = solar elevation

T = equilibrium temperature of radiative surface (°K)

2.2 Performance of Simple Radiative Surface and Comparison
to Requirements

From Equation 2.1, the temperature of the radiating surface
of the basic model as a function of sun elevation and surface con-
ditions for two different ratios of P/A is shown in Figures 2.2A
and 2.2B.

Because the tape recorder limits the minimum and maximum

allowable temperature for the SEP receiver to 5°C and 50°C
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respectively, the results of Figures 2.2A and 2.2B indicate that
in order to meet the thermal requirements, it is necessary, as
indicated qualitatively in Figure 2.3, to both raise the tempera-
ture at low sun elevations and lower it at high sun elevations.

The following chapters develop concepts which achieve these goals.
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Figure 2.3

Thermal Performance of Basic Simple
Surface Model with Desired Improvements
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3.0 PLANAR DUAL SURFACE SYSTEMS

3.1 General

A planar dual surface configuration will improve the thermal
performance of the simple single radiative surface model of Figure
2.1, The basic configuration for the dual surface design consists
of two parallel flat surfaces as shown in Figure 3.1. In this

section, only flat plate secondary surfaces are discussed while

Section 4.0 considers more complex secondary geometries.

3.2 Rachinonal for the Dual Surface Concept

A comparison of performance between the single and dual sur-
face confiqurations is made in order to determine the relative
thermal performance of the two configurations at high and low sun
elevations. The method used in this comparison is to instantaneously
create a second surface above the original single surface and examine
the energy transfer from both surfaces to the surrounding medium
at the instant of transition. For convenience, the energy trans-
fers for the primary surface are based on the assumption that the
temperature of the secondary is initially at the same temperature
as the primary surface (see Figure 3.2). The temperature of the
secondary is then shown to be consistent with the thermal

inequalities shown for the primary surface.

3.2.1 Low Solar Elevations - Consider a single radiative

surface (Figure 2.1) at zero degrees solar elevation; Solar energy

is not incident on either the lunar surface or the radiating surface,
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thus, at this elevation the solar energy absorbed per unit time is
independent - of the surface degradation. Because the radiating
surface is dissipating internal power, the radiating surface
equilibrium temperature (Tl) is greater than that of the surround-
ing lunar surface (TL).

The energy transfers for a dual surface configuration at time
t1 are shown in Figﬁre 3.3. Now referring to Figures 3.2 and 3.3,
it is known that q, = d. + 94 at time to because there is no absorp-
tion of solar energy. At time tl' the primary surface of the dual

surface model radiates the same quantity of energy since it is still

at temperature Tl' There are only four components of energy trans-
fer for the primary surface: dyr e 9gr and dg- It is known

that at time to’ q, = qc + dg and that q, 0. Thus, the inequality
q, + 9, > 9, *+ 94 follows and, therefore, the primary surface
absorbs more energy than it is emitting. Thus, temperature of the

primary surface must increase (heat) in reaching a new equilibrium

(for any finite temperature of the secondary surface).

For the secondary surface 9o = 9 since T, = T2 at time tl.

2 L
tion q; > 0 and, therefore, a net energy transfer to space and the

Also, as noted previously, T, > T, and, hence, qg > . In addi-

lunar surface must occur. Accordingly, the secondary must cool in

reaching a new equilibrium.
The net energy transfer for primary and secondary surfaces

at time t with zero degree solar elevation are shown in Figure 3.4.
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Net Energy Transfers for Dual Surface Model
at Time tl, Zero Degree Solar Elevation
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Energy Transfers for Dual Surface
Model at Time tl’ Dirty Conditions
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Figure 3.6

Net Energy Transfers for Dual
Surface Model, Dirty Conditions
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3.2.2 High Solar Elevations - The radiative surfaces

of both the single surface and dual surface models absorb solar
energy at high sun elevations and in this section we consider the

two limiting cases of solar absorptance for these surfaces; the

is, (1) completely contamingted surfaces with high solar absorptance,

and (2) clean surfaces with low solar absorptance.

3.2.2.1 Dirty Surface Conditions - Again, consider

the instantaneous transition from a single surface into a dual sur-
face model. Under dirty conditions, we assume that the single sur-
face characteristics are identical to the lunar surface and since

T, =T

P/A > 0, we know that at the transition time t > T..

1’ 71 2 L
Figure 3.5 shows the energy transfers for both surfaces at time tl
where q, through q; are defined as in Figure 3.3 and qj is the solar
energy absorbed by the secondary.

Considering the primary surface of Figure 3.5, if the separa-
tion of the surfaces approaches zero then dq ~ 0 such that d.
becomes the tqtal emitted energy from the primary and 9 equals the
solar absorption which is consistent with a single surface where
the separation is equal to zero and the equilibrium equation is

q, + 9y, = 9, + 94 (where dq = 0)
As the separation distance is increased, dg becomes larger; i.e.,
the primary "sees" more 3°K space and in addition, 9, becomes
smaller because some of the emitted energy from the secondary is

no longer incident on the primary surface. (Note that the above

is true only if the temperature of the secondary does not increase
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after separation to compensate for the decreased coupling of the
two surfaces. The following paragraph demonstrates that the secon-
dary actually cools.) With d4 and 9y decreasing with increasing
separation then we know that

(@, + 9y < g, + gg) or

the energy absorbed is less than the energy emitted at time t, and

1
the primary must cool in reaching a new equilibrium.

For the secondary surface at the instant of transition (Figure
3.5) 9o = d¢ because T1 = T2, and qp < qg since T2 > TL' It can be
shown that q; > qj by examining the equilibrium condition for the

single surface:

enerqy solar energy internal power
_ : +
radiated - absorbed , Ldissipation
i = 9y o+ q, (3.3.2.1)

Thus, q; > qj for P/A > 0. At the instant of transition, there
is a net energy transfer to space and the lunar surface, thus, the

secondary must cool in reaching a new equilibrium.

The net energy transfers for primary and secondary surfaces

at the time of transition are shown in Figure 3.6

3.2.2.2 Super-Clean Surface Conditions - Although

in this report the minimum % ratio is assumed to be .10, it is

convenient for purposes of conceptually developing the dual surface

¢
model to define a "super-clean" surface with EE = 0. Such a sur-

face absorbs no solar energy (us = 0) but does absorb IR radiation
(e = .85) and, therefore, the equilibrium of the single surface
model will depend solely on the P/A ratio. In principal any

desired temperature may be achieved by increasing or decreasing



17

the area of the radiative surface of the model but here where the
object is to protect the electronic components from excessive
temperatures less than the 125°C lunar surface. At 0 = 90°, then
Tl < TL' Energy transfers for primary and secondary surfaces were
defined as in Figure 3.5. The only difference between the analysis
of super-clean and dirty surfaces is that because there is no solar
absorptance and there is internal power dissipation then Tl < TL.
For the primary surface of the dual surface model, we know that
9, = 9, + d4 (no absorption of solar energy) and since q * 0, there

is a net energy transfer into the primary and; accordingly, the

primary surface must heat in reaching a new equilibrium.

For the secondary surface qj = 0 and 9e = 9 Because T2 < T

£° L’

qg < Q- Also, a; > 0. The quantity (qh - qg) is dependent on

the separation of the plates and the temperature T,. Since T, is
dependent solely on P/A, the change in secondary surface temperature

is dependent on separation and P/A.

Mathematically,
q; = 052T24A2 = P (single surface equilibrium equation) (3.1)
and (q, - q_) = oe (2, * - TP A e (3.2)
g L'L 2 2L7272
where €y, = emittance of lunar surface (.85)
e, = emittance of secondary surface (e2 = eL)
T2 = temperature of secondary surface
TL = temperature of lunar surface
A2 = area of secondary surface
For = geometric view factor representing fraction of energy

emitted from secondary that is incident on lunar surface
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- Assuming that the lunar surface temperature may be approximated by

GaLsin(O)
- T = 4f ————— (3.2.2)
L oeL

where ar is the solar absorptance of the lunar surface then

(@ = ay) = (Gay - P/R)F, Ae, (3.2.3)

The secondary heats for

q; < (qh - gq_) which may be rewritten using equations 3.1
and 3.2.
P < (GaL - P/A)FZLAE2 (3.2.4)
p/A < GaLFst2
I+F,Le, (3.3)

Equation 3.3 is true for small values of the ratio P/A provided
the view factor For does not approach zero. This condition is sat-
isfied for all of the configurations discussed iﬁ this study. The
following parameters typically apply to all configurations:

P/A = 6.5 wt/ft?

G = 130 wt/ft?
Fop = .55

€y = € = .85

ar = ,90

Substituting these values into Equation 3,3, results in the

inequality 6.5 < 35. Thus, the secondary would heat in reaching

the new equilibrium.
The net energy transfers for primary and secondary surfaces

at the instant of transition is shown in Figure 3.7.
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Figure 3.7

Net Energy Transfers for Dual Surface
Model, Super-Clean Conditions
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Qualitatiye Improvement of Dual Surface
Model Relative to Single Surface Model

I""__ %2 —°' | P/A
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L
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Figure 3.9

Basic Dual Surface Configuration, Example No. 1
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3.2.3 Summary - At low sun elevations,the dual surface

design raises the primary surface temperature relative to that of

the single surface model. At high sun elevations, the dual surface

design lowers the primary surface temperature for dirty conditions

and raises the temperature for clean conditions relative to the

single surface model. The gqualitative result is indicated in

Figure 3.8.

3.3 Dual Surface Performance

In this section the basic thermal equilibrium equations are
developed and used to numerically demonstrate the thermal performance

of the dual surface configuration.

3.3.1 Assumptions for Eguations - 8ix assumptions are

made in developing the equilibrium equations:

1. There is no energy transfer through the insulation
on the sides and bottom of the experiment package.

2. All surfaces are isothermal.
3. All surfaces are diffuse (Lambert's Cosine Law).

4. Nearly all of the IR radiation is absorbed by the
surface it is incident upon and a large fraction of
the remainder is reflected away from the configuration.
This is a good approximation because we are dealing
with high emittance surfaces and geometric view fac-
tors in the configurations considered is generally
less than unity.

5. Lunar albedo is diffuse. For computation purposes,
albedo is included in the lunar IR term. This is
acceptable because in the configurations to be con-
sidered, it yields a conservative estimate of thermal
performance.
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6. The primary radiative surface is assumed to remain
level with respect to the lunar horizon and the
- lunar surface is assumed to be flat. This allows
solar elevation to be measured relative to either
the experiment package or the lunar horizon and
the lunar surface temperature to be calculated as
a simple function of solar elevation.

3.3.2 Thermal Equilibrium Equations - The equilibrium

equations for the dual surface configuration of Figure 3.1 (page
11) may be written as follows:

Equilibrium of the primary surface:
energy _ [solar energy internal + secondary IR
radiated absorbed dissipation absorbed (3.1)

4 . 4

uelAlTl = Gasl 51n(0)Alx + P + 032A2F21T2 1 (3.2)
. Equilibrium of the secondary surface:
energy radiated _ |direct solar ] 'solar energy reflectéﬁ]
- (both sides) " |energy absorbeqj from primary surface
+ l|lunar albedo lunar IR + | IR from primary
absorbed | _absorbed surface absorbed (3.3)
ce22A2T2 = Ga 251n(®)A + G(l-—asl)51n(o)AlX
. 4
+ G(l—aL)_s:Ln(O)A2 + GELALFLZTL 2
4
+ cslAlFlle €5 (3.4)

where Alx = the unshaded area of the primary surface (see Appendix A).

A

2 the area of the secondary exposed to lunar albedo
X . X : .

(not used in numerical computations since albedo
N is included in lunar IR term).

F12, F21, and F2L are geometric view factors calculated
- as follows (see Reference 4).



22

Fi, = 1/2 (x - J % - 48%p?) ~ (3.5)

x =1 + (1+E2)D2

D = 2S5/D;
E = D2/(ZS)
Ay
F21 = K; F12 (Reciprocity Law for view factors) (3.6)
Fon = 1l - Foq (Summation Law for view factors) (3.7)

Note that the view factors are explicit functions of the

ratios S/Dl and D2/Dl‘

Equations 3.2 and 3.4 may be normalized by defining constants
k

 and k as follows:

127 Xix

2x
By = kyoRy
By = K1y (3.8)
Boy = koyPy = koukyoBy

Also, the Reciprocity Law for view factors allows the following
substitution to be made:

AFar = AFra | (3.9)
Substituting equations 3.8 and 3.9 into equations 3.2 and 3.4 and
dividing by Ay the only term involving area is the term P/Al in
equation 3.2. All other terms contain only the "k" constants which
are dependent on relative dimensions. The significance of this
normalization is that the dual surface configuration may be scaled

to any power level by increasing its size. Since the scaling term
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is an area, linear dimensions of a particular design increase as

the square root of the ratio of power levels. (For example, increas-

ing the power level from 6.5 to 650 watts would require scaling the
linear dimensions of the design by a factor of 10.)

The resultant normalized equations are:

4 _ . 4
oslTl = Ga5151n(6)klx + P/A1 + oe2k12F21T2 €1 (3.10)
4 ) . .
csZZklsz = Ga8251n(®)k12 + G(l-—asz)s:Ln(e)k1x +
G(l-o,)sin(0)k,.k. + ce. ki Fo T %c. + oe. F..T. % (3.11)
L 1272% L712°2L°L "2 171271 "2 °

Equations 3.10 and 3.11 may be solved explicitly for the

equilibrium temperature of the primary surface.

2
T, = -~ Go_.sin(0)k +
1 061(2 F21810F12€2) sl 1x
F12 &1 .
P/A + — [Gaszsln(e)kl2 + G(l-asz)s:m(@)klx
1/4
. 4
+ G(l—aL)s:Ln(O)klzk2x + GeLklZFZLTL e%] (3.12) j

Since the view factors are explicit functions of S/D1 and D2/D1,

the temperature of the primary surface may be written as:

T, = Ty (P/A;, S/Dy, Dy/Dys  1Zqs Zpr + o o Z) (3.13)
where Zys Zys « . . Z are constants containing G,
as, e, etc.

Equation 3.13 is used as the basis for subsequent discussion of

optimization parameters for the dual surface configuration.
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3.3.3 Typical Dual Surface Configuration - Before pro-

ceeding with the optimization of the dual surface design, it is
informative to present two simple examples that demonstrate the
thermal performance of typical configurations. The configuration
for example No. 1, shown in Figure 3.9, represents an initial esti-
mate of possible design parameters for the SEP receiver. The para-
meter P/A = 13 watts/ft2 represents a compromise between allowable
physical size of the experiment package and required area to dissi-
pate internal power. The separation parameter S/D1 is large enough
to reduce secondary IR absorbed by the primary surface but small
enough to shade the primary at high solar elevations which result'
in 'excessive temperatures for unshaded surfaces. The parameter
DZ/Dl is set equal to unity for the first example.

The temperature of the primary surface for example No. 1 is
plotted as a function of solar elevation and surface degradation

in Figure 3.10.

3.3.4 Observations - Several important conclusions can

drawn from Figure 3.10.

1. The minimum temperature for the dual surface design
is higher than for the single surface design (Figure
2.27A) but still falls below the minimum allowable
temperature for the SEP receiver (5°C).

2. The maximum temperature does not occur at 6 = 90°,
Instead, the temperature of the primary surface
actually decreases at high sun elevations because
the secondary surface is providing more shade. The
decrease in primary surface temperature at high solar
elevations is limited by the fact that the secondary
is absorbing more energy from the lunar surface and
the sun. Some of this absorbed energy is reradiated
to the primary surface partially compensating for the
shading provided by the secondary.
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3. The primary surface temperature shows less sensi-
tivity to dust degradation than for the single
surface design. The tempegature single surface
design with P/A = 13 wt/ft” fluctuated over a
range of 143°C (at © = 90°) due to dust degrada-
tion of the radiative surface. The primary surface
in a dual surface design under identical circumstances
varies only 55°C.

4, The maximum temperature of the primary surface in
a dual surface design is lower than the maximum
temperature for a single surface design. Actually,
the maximum temperature for this example under very
dusty conditions only exceeds the maximum allowable
temperature for the SEP receiver (50°C) by 6°C.

3.3.5 P/A Parameter for the Dual Surface Concept - An

extremely important parameter for radiative surface thermal pro-
tection systems is the value of the ratio P/A. The results of

equation 3.12 may be reduced to an equation of the form

T, =4 C

1 + C, (P/Al) (3.14)

1

where C, and C2 are functions of constants other than P/Al.

1
Pherefore, for a given power level,increasing the area decreases
temperatures at all sun elevations. As the area becomes very
large, the increase in area has less and less effect and the thermal
performance approaches that of a configuration with no internal
power dissipation.

Example No. 2 demonstrates quantitatively the effect of chang-~
ing the value of P/A by decreasing the value of P/A in example No.
1 to 6.5 watts/ftz. The temperature of the primary surface for

example No. 2 is plotted in Figure 3.11 as a function of solar

elevation and surface degradation.
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Note that the minimum temperature of the primary surface
decreased more than does the maximum temperatures. TIf the para-
meter P/A is used to decrease maximum temperatures, the physical
size of the configuration must be increased and it becomes more
difficult to maintain minimum operating temperatures at low solar

elevations.

3.3.6 Optimization of Parameters S/Dl and D2/D1 - The

performance of the dual surface configuration may be improved by
optimumizing values for the parameters D2/Dl and S/Dl' Figure
3.12 shows the relation of the minimum and maximum temperatures
of the primary surface to the variable S/Dl' The results were
generated by iterating the parameter S/Dl in equation 3.12 for
all solar elevations and noting the minimum and maximum temperature
for each iteration of the separation parameter. From Figure 3.12,
the value S/Dl = ,25 yields the lowest maximum temperatures and
highest minimum temperatures for P/A = 13 watts/ft2 and DZ/Dl =
1.0. It is important to note that changing the parameter S/Dl
changes not only the maximum temperature incurred by the primary
surface but also the solar elevation at which the maximum
temperature will occur.

Figure 3.13 is generated in a manner similar to Figure 3.12
and shows the relation of minimum and maximum primary surface
temperatures to the variable D2/D1 with P/A = 13 watts/ft2 and
S/D1 = .25. The parameter D2/D1 is not nearly as significant as

the parameters P/A and S/Dl as seen from the flatness of the curves



°C

Temperature,

150 _ 29
Tmax dirty
100 |
Tmax very dusty
asnam—
50
Tmax dusty
Tmax clean
0/_\
T . all
///’—_—-“‘-——_; min
~50 l I 1 I N
0,0 0.2 0.4 0.6 0.8 1.0
S/Dl
Figure 3.12
Optimization of S/Dl Parameter
T dirt
100 _ | max Yy I
I ——
Tmax very dusty
/
S
R —— Tmax clean
0 /
“ ———
=
" 0
“ —
9]
Q
& T in 211
E
~50 | | i 4
1.0 1.1 1.2 1.3 1.4
Dy/Py

Figure 3.13
Optimization of D2/D1 Parameter



30

in Figure 3.13. A value of DZ/Dl = 1.1 slightly improves the
thermal performance of example No. 1 by lowering the maximum
temperature by one or two degrees centigrade.

The chief significance of parameters S/D1 and DZ/Dl are that
they effect the tradeoff between the amount of direct solar energy
absorbed and reradiated IR energy. As the separation of the sur-
faces in a dual surface design is decreased, two effects tend to
lower the temperature of the primary surface: i) the primary is
more shaded from solar flux, and ii) the secondary absorbs less
and F

12 21
increase tending to raise the temperature of the primary surface.

lunar IR. At the same time, however, the view factors F

Conversely, if the separation is increased, the view factors are
decreased and the primary surface is exposed to more solar energy.
Increasing D2/D1 causes the primary surface to be shaded more
quickly as the solar elevation changes as shown in Appendix A but
it also allows the secondary to absorb more energy in the form
of lunar IR and solar flux. |

Example ﬁo. 3,which is shown in Figure 3.14, incorporates the
results of Figures 3.12 and 3.13 and represents an optimum design
for the planar dual surface design. The thermal performance of
example No. 3 is plotted in Figure 3.15. The effects of optimiza-
tion may be seen by comparing the thermal performance of example
No. 1 and example No. 3 (Figures 3.10 and 3.15). The maximum
temperatures have been lowered and the temperatures at very high
sun elevations have been raised slightly. The result is a flatten-
ing of the thermal curves with a resultant lower maximum temperature

and higher minimum temperature.
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Figure 3.14

Dual Surface Configuration with
Optimum Values of S/D1 and D2/D1
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The maximum temperature for very dusty conditions is 53°C
which is only 3° above the allowable maximum for the SEP receiver.
The minimum temperature is -31°C which is muchbtoo low but it
should be noted that this temperature rises quickly to 6°C at 25°
solar elevation under clean conditions. Thus, for applications not
requiring operational temperatures at low solar elevations such a
design would be acceptable. Section 5.0 discusses several methods

of raising minimum temperatures at low solar elevations.

3.4 Multi-Secondary Configurations

It has been shown that the dual surface design did help to
heat the lower surface (primary) at low solar elevations and cool
it under dirty conditions at high solar elevations. Accordingly,
there-is no a priori reason that a third, fourth, fifth, etc.,
parallel plate arrangement could not be added whereby each helped
to control the temperature of the surface below it as shown in’
Figure 3.16.

A systematic computer iteration of key parameters for multi-
secondary configuration of Figure 3.16 showed only marginal poten-
tial for improvement of primary surface thermal performance and;
therefore, a discussion of equilibrium equations and optimization
parameters are omitted. However, for the sake of completeness,
the results are included as example No. 4.

The configuration of example No. 4 is shown in Figure 3.17.

It is identical to example No. 1 except that an additional flat
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Multi-Secondary Configuration, Example No. 4
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plate has been added above the original secondary. The thermal
performance of example No. 4 is shown in Figure 3.18. Relative
to example No. 1, the multi-secondary configuration has a slightly
higher (approximately 3°C) minimum temperature, a slightly higher
maximum temperature, and a much lower (approximately 30°C) tempera-
ture of the primary surface at high sun elevations. The effect
of the extra surface is to accentuate the "hump" in the thermal
performance curve of example No. 1

Example No. 4 is not a truly optimum design for a multi-
secondary configuration. Numerical results did indicate that an
optimum design is capable of siightly improving thermal performance
at all solar elevations although the reduction in maximum tempera-

ture of the primary surface is only a few degrees centigrade.
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4.0 CONICAL SECONDARY SURFACES

4.1 Introduction

Basically, the performance of the planar dual surface con-
figuration can be improved by raising the minimum temperature of
the primary surface at low solar elevations and lowering the max-
imum temperature of the primary surface which, in general, occurs
at about 30 to 45 degrees solar elevation. In this section, we
discuss a conical secondary surfaces to achieve this objective.

Consider the dual surface configuration shown in Figure 4.1.
At low solar elevations, as illustrated in Figure 4.2, one side of
the cone absorbs solar energy whereas a flat plate secondary does
not. On the other hand at high solar elevations the effective
absorbing area of the cone is the same as that for a flat plate.
The net result is a higher minimum temperature for the primary
surface at low solar elevations. However, the radiative area of
the conical surface is much greater than the surface area of a
flat plate and, in addition, the conical surface absorbs lunar IR.
It will be shown both analytically and quantitatively that at high
solar elevations the increase in radiative area is more significant
than the increase in absorption of lunar IR and this results in a

lower maximum temperature of the primary surface.

4.2 Analytic Development, High Solar Elevations

The following brief analytic development serves to demonstrate

the physical mechanism by which conical secondaries improves upon
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the performance of the flat plate secondary and also provides a
check on the consistency of the computer results which are described
in Section 4.4.

Conical and flat plate secondaries may be compared at a given
solar elevation by considering only the energy transfers taking
place on the upper secondary surface. The distinction between
"upper" and "lower" secondary surfaces in this context is defined
in Figure 4.3.

Figure 4.4 shows a conical secondary insulated on the bottom
so that energy transfers of the upper surface alone maybe considered.
For B8 = 180°,this secondary becomes a flat plate and for g = 90°,
it becomes an infinite cylinder. The thermal equilibrium equation
for this conical surfaée allows direct comparison of flat plates,
cones, and cylinders as means of controlling secondary surface
temperatures at a given solar elevation.

The thermal equilibrium equation for Figure 4.4 is

-
[%nergy 0 - lfolar energ{} + lunar IR

radiated absorbed absorbed
ocesT 4A = Ga.,A + oe.T 4A F € (4.1)
272 727 2eff L'L 2T 2TL 2 *
where F2TL is the geometric view factor representing the fraction

of energy emitted by the upper conical surface that
is incident on the lunar surface. (Note that equation

= A,.F in Reference 4).

4.1 uses the identity A[F .. 2T 2TL
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i /4
R,
TZ = TL ——;——-—2- (02—1/2 €2) + 1/2 82 (4.2)
R,"+H
2
where ap = 1.0
€y = €, = .85
GaLsin 0
and TL = =T

From equation 4.2, as the value of H becomes very large, the
R
2

2,..2
R2 +H

quantity (a2—1/2 62) approaches zero. This quantity may
approach zero from the positive or negative side depending on the

values of @y and €oe For highly degraded surfaces, o, > 1/2 ¢

2 2
and the expression is always positive. Under these circumstances,
T2 is a minimum for large values of H. Conversely, for clean sur-

faces (az < 1/2 52) T, is a minimum for H = 0.

2
The physical mechanism that allows,T2 to be minimized is the
radiative surface area which contributes the term,/R2 +H2 to the
denominator of equation 4.2. For n-8 < @ > B8, the conical secondary
absorbs the same amount of solar energy as a flat plate but has a
larger radiative surface area. The conical secondary also absorbs
more lunar IR but the increased absorption is not as significant
as the increase in radiative power.

Equation 4.2 cannot be used to compare the overall thermal per-

performance of conical secondaries since the restriction 0 > © - 8
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R
F... = 1/2 (l4+cos B) = 1/2 (1- =xf=) : (4.1a)
2TL /R 2. .2
+H
2
AZT = (total conical surface area)
= 1rR2 R2 +H (4.2B)

Aeff= (effective absorbing area of a cone)

= nR22 sin(0) for n-B < © < B and B > (4.1C)

ul
2

Substitution of equations (4.1A), (4.1B), and (4.1C) in (4.1) gives

area

tion

4 2, .2 _ 2 .
cesz ﬂRz R2 +H® = Gaan2 sin (0)
R
4 > 5 2
+ oeLTL nR2 R2 +H 1/2 (1- > 2)62 (4.1.4)
R,“+H ,

In (4.1.4), the term oeLTL4 represents lunar emission per unit

which under thermal equilibrium is the same as solar absorp-
per unit area by the lunar surface.

. 4 .
Mathematically, oeLTL = GaL51n 0 (4.1D)

where ap = lunar absorptivity

Substituting (4.1D) in (4.1E) and solving for T,, we get
r -

. 2,..2
4 Gnstln(O) R2a2+aL R_-2 +H 1/2 ¢

2 ceanz V/R22+Hz

1
273R€0
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omits low solar elevations from consideration. For cones with
large values of H, the omitted values of solar elevation become
quite important since the omitted elevations include those at
which the maximum temperatures of the primary surface occur. A
rigorous analysis, value at all solar elevations, requires the use
of a general treatment for the effective absorbing area of a coni-
cal surface (Aeff) which is given in Apéendix B. The comparison
of conical secondaries using a general formulation for Aeff is
much more complex than the preceeding analysis which has been
restricted to m = 8 < © < B. For this reason the general analysis
will be carried out numerically on a computer. The necessary
equilibrium equations for the general comparison are given ih

Section 4.3 and the conclusions based on the computer results are

presented in Section 4.4.

4.3 Generalized Thermal Equilibrium Equations

The thermal equilibrium equations for the configuration of
Figure 4.1 may be written as follows.

Equilibrium of the primary surface:

1

energy - sSolar energy _ internal secondary IR |
radiated =~ absorbed dissipation absorbed ]
(473)

Equilibrium of the secondary surface:
energy radiated _ direct solar solar energy reflected
(all surfaces) ~  energy absorbed from primary surface

+ lunar albedo 4+ lunar IR + IR from primary
absorbed absorbed surface absorbed
L 04)
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The general form of the equilibrium equations for conical
secondaries remains the same as for planar secondaries in Section
3.0. Only three terms of equation 4.4 require formulation different
from the equilibrium equations for planar dual surface configurations.

They are:

energy radiated _ (A )T 4

all surfaces ZB B! T

2gggggegolar eRereY - GOLsZAeff (4.5)
Sbaorbea = o°r, (BopFapr Ao Forp) T o2

where A2B = area of the bottom of the secondary surface

AZT = area of the upper secondary surface
Aeff= effective absorbing area of the secondary

geometric view factor of the bottom of the

F
2BL= secondary to the lunar surface (Reference 4).

The normalization of these equations follows in the same manner

as for planar dual surface configurations by defining

Aop = KyopP1
Bop = Kyophy (4.6)
A .=k

eff™ F127%1
The normalized equilibrium equations for dual surface con-

figurations with conical secondaries follow from equations 3.10,

3.11, 4.5 and 4.6.
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Equilibrium of the primary surface:

T 4 - G k, sin{(0) + P + k BF2B1T24€l (4.7)
91t T FUg1FixS? AT 982512 .
Equilibrium of the secondary surface:

4 _ _ .
oeylkyop * Kypp) Ty = Gagokyoees + Gll-ag )k, sin(o)
+ oge. (k F + k F )T 4&: 4
L'"12B" 2BL 12T 2TL° "L 2 + o0¢e,T, F (4.8)

1'1 “12B%2
where the albedo term is included in the lunar IR term by

setting ap = 1.0. -

Equations 4.7 and 4.8 have been used to calculate the thermal per-

formance of conical dual surface configurations in the computer

analysis described in the following section.

4.4 Computer Analysis

This section presents the results of a systematic computer
study based on equations 4.7 and 4.8 with the objective of identify-
ing the shape of the conical secondary that yields the best ovérall
thermal performance. General observations concerning conical
secondaries are made and a specific example is discussed but

detailed presentation of numerical results is not included.

4.4.1 Cylindrical Secondaries - A comparison based on

numerical results of cylindrical configuration relative to flat

plate and conical shapes is given in Table 4.1.
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Comparative Thermal Performance of Cylindrical
Secondaries to Flat Plate and Conical Secondaries

Solar elevation Temperature of the primary
surface using cylindrical
secondary (relative to flat
plate or conical secondaries)

clean dirty
0° no change raises

Elevation at which

maximum temperatures| raises raises

joccur

90° raises lowers
Table 4.1

Three significant observations may be made concerning cylindri-
cal secondaries: 1l.) The results of Table 4.1 are consistent with
previous conclusions drawn from equation 4.2; 2.) Sincé the maximum
temperature is increased slightly and the minimum temperature is
relatively uneffected uﬁder clean conditions, the cylindrical
secondary is an inferior choice; 3.) The increase in temperature
at © = 45° could not have been predicted from equation 4.2 since

the requirement ¢ > 7 - B is not satisfied.

4.4.2 Conical Secondaries - Conical secondaries have

the same qualitative effects in thermal performance as cylindrical

secondaries (see Table 4.1) except that the maximum temperature
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under degraded conditions which is lower for certain conical
secondaries.

The maximum temperature df the primary surface under degraded
conditions is slightly less than for flat plate and cylindrical
secondaries but only for a small range of the angle 8 (approxi-
mately 110° to 130°). This range represents the best tradeoff of
solar and lunar IR absorption at the solér elevation for which
maximum temperatures of‘the primary surface occur. The optimum
value of B changes slightly with surface conditions but not enough
to warrant consideration.

The computer results for conical secondaries are again con-
sistent with equation 4.2. First, for B = 180°, the results'agree
with previous results for flat plate designs. Second, increasing
the value of H always decreases temperatures of the primary sur-

face under degraded conditions for 7 - 8 < © < B and % < B < om.

4.4.3 Optimum Conical Secondary - Example Nb. 5 (Figure

4.5) represents a conical dual surface configuration with the best

values of the separatioh parameter (S/Dl) and the conical angle (B8)

as determined from numerical computer results for several iterations

of S/Dl and B using equations 4.7 and 4.8. The parameter D2/D1 is
set equal to one and not iterated since it has been shown (Section
3.0) to have little effect 6n dual surface optimizaiton. The
parameter P/A is set at the value of 13 watts/ft2 for purposes of
comparison with previous examples. Figure 4.6 shows the thermal

performance of the example No. 5.
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The thermal performance of this configuration is acceptable
except at low solar elevations. For clean, dusty, and very dusty
conditions the maximum temperature is less than 50°C. At solar
elevations less than 30°, the minimum temperature of the primary
surface is below 5°C and must be raised in order to satisfy thermal

requirements of the SEP receiver.
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5.0 EXTENSIONS

Table 5.1 is intended as a summary of the relative performance
of the various configurations.

Also, this section briefly describes several other ideas for
improving the thermal performance of simple dual surface confiquratior
It is intended as a guide for future work and, as such, attempts
to convey concepts rather_fhan quantitative results. It is felt
that these ideas offer potential for designing lightweight thermal
protection systems for electronic packages intended of mobile use

in the dusty lunar environment.

5.1 Solar Powered Heater

One method of raising the minimun temperature of any configura-
tion is to use solar cells to power an internal heater. This
method would seem to have an advantage over alternatives such as
a mechanical thermal switch because an electronic thermostat (switch)
is probably inherently more reliable tﬁan a mechanical thermal
switch. The major disadvantages of solar cells is the relative
larger size and weight requirements for the solar panel due to the
relatively low (10%) efficiency of energy conversion.

An example (Figure 5.1) has been studied to determine the
feasibility of this system. The following items were considered:
(a) the degradation of solar cell performance under high temperatures,
(b) the degradation of solar cell performance under dusty conditions,
and (c) solar panel size required for achieving the minimum allowable

temperature at low solar elevations.
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array

P/A = 13 watt/ft2
8 = 120°
8 - ~
/// s/D; = .25
| ‘ D,/D; = 1.0
S —
, f H, = D,
solar |4
-+ =
lp

ptpp—— Dl——(

Figure 5.1

Dual Surface Design with Solar Powered Heater, Example No. 6
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The following assumptions have been made for this example:

1. Change from the nominal solar cell efficiency
(10%) are linear with degrading surface condi-
tions; i.e., a linear decrease from this 10%
efficiency for clean conditions to 0% effi-
ciency for dirty conditions.

2. Degradation of solar efficiency is -.54% per
degree centigrade above 27.8°C where the tem-
perature of the solar array is determined on
the basis of ag = .85, ¢ = .85 for all dust
conditions.
3. The heater is controlled by an electronic
thermostat (transistor and thermistor) set
at 25°C which was chosen to be consistent
with the thermal requirements of the receiver.
The purpose of example No. 6, which is dimensioned as shown in
Figure 5.1, is to demonstrate the performance of a typical con-
figuration designed to meet the SEP receiver requirements. This
configuration is identical to example No. 5 except for the addition
of the solar powered heater. The thermal performance of example

No. 6 is shown in Figure 5.2. For clean conditions, the heater

results in a flat curve at 25°C. For dusty, very dusty, and dirty

conditions, the minimum temperature is less than 25°C at low solar

elevations because under these conditions, the efficiency of the
solar array is degraded and cannot supply enough electrical energy
to heat the internal electronics. An interesting point is that for
dirty conditions where the solar array is completely ineffective,
the conical secondary absorbs enough solar energy to maintain.
minimum SEP thermal requirements (5°). The solar array has no
effect on temperatures above 25°C because the thermostat turns the

heater off. This configuration satisfies thermal requirements for
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the SEP receiver under clean, dusty, and very dusty conditions
but unfortunately, the maximum allowable temperature (50°C) is

exceeded for dirty conditions.

5.2 Variable Area Systems

Variable area systems are another means of controlling the
temperature of the primary surface. By reducing the area of the
primary surface at low solar elevations, the value of the ratio
P/A is increased and the temperature may be increased to very high
levels by allowing the area to approach zero (equation 3.14).

There are several methods for varying the area of the primary
surface. On is the use of a simple bimetallic activator as shown
in Figure 5.3. When the configuration is cold, the spring rotates
the eéposed radiative area underneath an insulating surface and
replaces it with a nonradiative surface. As the temperature rises,
the exposed radiative area is increased. Such a system is simple,
lightweight, and has been frequently used in previous Space
applications.

Another way of changing the radiative area of the primary
surface is to manually remove or replace insulation covers on the
radiative surface in order to alter the ratio P/A. This method is
limited by the amount of astronaut interaction required and requires
a visible temperature indicator to insure reliable temperaturé
control.

A fundamental limitation of all variable area surfaces is

that they are only useful in increasing minimum temperatures--they
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insulation

bimetallic spring

radiative area radiated area radiative area
completely exposed partially exposed completely covered
Figure 5.3

Variable Area Mechanism Using Bimetallic Spring
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cannot lower the maximum temperatures below those incurred by

simple radiative surfaces unless, in addition, the astronaut is
required to brush the dust from the control surfaces at appropriate
intervals. However, by applying both the dual surface and variable
area concepts to a design, the thermal performance of the configura-
tion can be greatly improved with respect to both the minimum and

maximum temperature.

5.3 Multi-characteristic Dual Surface Configurations

The thermal performance of dual surface configurations can be
improved by using materials other than second surface mirrors for
selective parts of the configuration.

.Consider the dual surface design of Figure 5.4. The effect
of using a low emittance material for the bottom of the conical
secondary is to reduce the amount of energy radiated from this
surface to the primary and, in addition, to absorb less lunar IR,
While both of these effects will decrease the temperatﬁre of the
primary surface, the law emittance surface does reflect a large
fraction of IR originating from both the lunar and primary sur-
faces and; therefore, the decrease in rédiated energy to the primary
may be offset by the increase in reflected energy.

Figure 5.5 shows a modification that does reflect nearly all
IR from the primary surface "out" of the configuration but unfor—
tunately still allows to be reflected "in".

One way of minimizing the effect of this reflected lunar IR

would be to reduce the absorption of lunar IR by the secondary itself.
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It is not desirable, however, to reduce the emittance of the primary
or the sides of the cone because this would cause the secondary
temperature to increase. Instead, it is possible to "block" the
lunar IR using multi-characteristic shields as shown in Figure 5.6.
The upper surface of the shield has high absorptance to reduce the
amount of solar energy reflected to the secondary and low emittance
to reduce the IR energy radiated to the éecondary. The bottom sur-
face has high emittance so that a high percentage of the energy
absorbed by the shield is radiated downward--away from the secondary.
Again, it is important to note that these refinements are possible

only if the surfaces do not become completely degraded. However,

until the surfaces are completely degraded; i.e., a, = .90, ¢ = .85,

multi-characteristic materials do provide some advantage over

single property materials.

5.4 Glass Surfaces

The use of transparent materials to improve thermél perfor-
mance is a logical extnesion. The basic mechanism that enables
multi-characteristic materials to improve thermal performance is
the spectrally dependent nature of absorptance (us) and emittance
(e). Emittance is primarily in the infrared region while absorp-
tance which is primarily in the visible light spectrum.

Common types of glass are also spectrally dependent. Typically,
glass is highly transparent (TV=.90) to visible light but nearly
opaque to infrared radiation (TIR=.05). In addition, glass,

especially thermal "sandwich" glass, is a good insulator. Figure 5.7
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Passive Heater Design using
Glass Covered Absorbing Surface
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shows the application of glass as a lunar IR shield. It is superior
to a metallic IR shield in that it has the ability to limit IR
incident on the secondary surface because it absorbs less energy.
Under dirty conditions, of course, the performance of metallic
and glass shields is the same.

Glass also offers several interesting possibilities for con-
trolling (raising) minimum temperatures ef the primary surface
more efficiently than doeé the solar powered heaters (Section 5.1).
Consider, for example, the configuration of Figure 5.8. The design
is similar to example No. 6 (Figure 5.1) which was used to demon-
strate the use of a solar powered heater. 1In this particular case,
however, the glass acts both as an insulator and as an IR reflector.
At low solar elevations under clean conditions, the glass transmits
solar enerqgy directly to the extended portion of the primary sur-
face,thus, heating the configuration. As the sun rises, the egtended
absorbing area becomes shaded by the opague lunar IR shield and the
glass reflects lunar IR. Since the glassvacts as a good insulator,
the ratio P/A is not dependent on the area of the extended absorbing
surface in any way.

Under dirty conditions at high solar elevations, the surface
of the glass becomes highly absorptive and emissive and absorbs
lunar IR but very little energy is transmitted to the underlying
surface because the glass serves as a good insulator. Thus, maximum
temperatures are not effected by this extension. At low solar
elevations, the transmissivity of the glass becomes zero under

dirty conditions and no solar energy is transmitted to the extended
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primary surface. However, under these conditions, the conical
secondary absorbs sufficient solar energy operating temperatures
for the SEP experiment as in example No. 5.

This glass shield method for raising minimum temperatures
has significant advantages over the solar powered heater. First,
the efficiency of the extended abosrbing surface in converting
solar energy to thermal energy is approximately 80% as opposed to
10% for the solar panels. Second, the required absorbing area is
much smaller (hence, less massive) than for solar panels. Third,
a thermostat is not‘required and it becomes a completely passive
design. As illustrated in Figure 5.8, the sun shield completely
shades the extended absorbing surface at sun elevations just below
the maximum temperature elevation.

Work has not been completed on this multi-characteristic glass
shield approach and, of course, there will, in all likelihood, be
some significant mechanical and material problems associated with
this configuration. However, the thermal performance afforded by

this method is impressive and warrants reporting and further study.



6.0 CONCLUSIONS AND RECOMMENDATIONS

l.

Planar dual surface configurations improve the
thermal performance of single radiative surfaces
by: 1) raising temperatures at low solar eleva-
tions (all surface conditions), ii) lowering
temperatures at high solar elevations under dirty
conditions, and iii) raising temperatures at high
solar elevations under clean conditions.

The parameter P/A may be used to raise temperatures
of the primary surface to high levels by allowing
the area to approach zero. Increasing the radia-
tive area lowers minimum temperatures more than
maximum temperatures.

For dual surface configurations, an optimum value
exists for the parameter S/D, that minimizes the
maximum temperatures incurreé and maximizes the
minimum temperatures. The optimum value repre-
sents the best balance between primary surface
shading and secondary IR. For P/A = 13 watts/ft
the optimum value is S/Dl = .25.

2

There is an optimum value of the parameter D.,/D
but its effect is insignificant compared to %ha%
ofzthe parameters P/A and S/D.,. For P/A = 13 watts/

£t and S/Dl = ,25, the optimim value is D2/D1 =1.1.

Multi-secondary configurations, using several .
planar surfaces, may be used to accentuate the
effect of simple dual surface designs on thermal
performance. This results in higher temperatures
at low solar elevations and lower temperatures at
high solar elevations. The effect at elevations
for which maximum temperatures occur depends on
the value of the parameter S/D. and an optimum
value of S/D, causes the maxim&m temperature to
decrease a féw degrees centigrade.

A cylindrical secondary with H >> R raises the
temperature of the primary surface at low solar
elevations (all surface conditions) and lowers it
at high solar elevations (degraded conditions only)
relative to a planar secondary surface. In all
cases the cylindrical secondary raises the maximum
temperature of the primary surface relative to flat
plate secondaries.
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Conical secondaries have the same general effects

as cylindrical secondaries and for a small range

of the angle B, conical secondaries reduce some-
what the maximum temperature incurred by the primary
surface. A value of 8 = 120° yields the lowest
maximum temperature and represents an optimum trade-
off between absorbed solar energy and absorbed

lunar IR at solar elevations for which maximum
temperatures occur.

An electric heater powered by solar cells is a
feasible method of raising primary surface tempera-
tures at low solar elevations. It is possible to
satisfy SEP receiver thermal requirements for
clean, dusty, and very dusty conditions using a
solar powered heater in a conical dual surface
configuration (Figure 5.2, Table 5.1). Under
dirty conditions, the solar cells are inactive
but the conical secondary absorbs enough solar
energy to maintain minimum allowable temperatures.
However, for dirty conditions, the maximum allow-
able temperature is exceeded rising to a maximum
of about 83°C.

Further investigation of lunar dust contamination

is needed. It would be desirable to know how much
dust is required to cause a certain level of degrada-
tion and what circumstances would create such a

dust environment. Also, it would be useful to
determine the mechanism (electrical, chemical, etc.)
that causes strong adherence of lunar dust to. sur-
faces. This type of knowledge could lead to the
design of nondegrading surfaces simply by preventing
the accumulation of dust on surfaces.

The ideas discussed in Section 5.0 offer potential
areas for more detailed analysis and better thermal
designs. In particular, the passive heating con-
cept using a glass covered absorbing surface and

the use of multi-characteristic surfaces appear

both attractive in terms of performance and practical.

A dual surface configuration using multi-characteristic
materials with a conical secondary surface, lunar

IR shields, and a glass covered absorbing surface
appears to offer the best performance. Such a con-
figuration would perform better than example No. 6
which satisfied SEP receiver requirements for clean,
dusty, and very dusty surface conditions.
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APPENDIX A

UNSHADED AREA OF THE PRIMARY SURFACE

Objective

The objective of this appendix is to derive a general
formulation for the ekposed area of a circular primary sur-
face when shaded by a circular secondgry surface at varying
solar elevations. Figure A.l shows a side view of the basic
dual surface model, wiéh the notafion to be used in this de-

rivation.

|
|

0 |

DI ) R = 3D,
[ I

, | | N
] |

——

Figure A.l1 - Side View of Dual Surface Model

Procedure
Figure A.2 shows the apparent displacement of secondary

and primary surfaces due to solar elevation. From this figure,

12‘ x2 + (y + L)2 (A.1)

bl
i

R = x“" +y (A.2)



and solving

where

for the y coordinate of point P,

(A.3)

radius of the primary surface

radius of the secondary surface

angle defing segment one
angle defing segment two

apparent displacement of the center of the

two surfaces

- L = S cot(09)

the exposed area of the primary surface

(negative quantity

in this figure)

exposed area of primary
surface

Figﬁre A.2 - Apparent Displacement of Secondary

and Primary Surfaces
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Figure 2.3 shows the breakdown of AX into two segments

for purposes of calculation.

Figure A.3 - Breakdown of Ax into Segments

Calculation of ASeg 17 ASeg o7 Ax:

From Figure A.3

(A.4)

Figure A.4 -~ Area of a Segment
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From Figure A.4, the area of a segment (Aseg) is given by

= o 2 _ 2 .
Aseg = 5 TR 1/2R” sin (a)
Segments Aseg 1 and Aseg 2
(A.5) as shown below.
2
TR, O
A = 2 "2 + xy
seg 2 o
R,0,
seg 2 = 2 T oxy
, _ .. -1, x
where 6., = 2Sin ~(z— )
2 R2
x = R22 - y2
Rl2 - R22 - L2
y = 2L
anzol
Similarly, Aseg 1= 1 x(L + y)
e1R12
Aseg 1 2 *x (L +y)
here 9, = 2 Sin_l ( X )
v 1 R

(A.5)

can be calculated from equation

(A.6)

(A.7)



From Equations A.4, A.6 and A.7,

- R 2 _ Szcotz(O)
a,=Rr? sin™t | R 2 - 2
"X 1 2 2S cot (0)
2 R12 22 - 82 cot? (0)
+ L R, -
2
2L
R.% - rR.2 - 52 cot? (o)
2 ... -1 2 2 _
- R2 Sin R2 -

2S5 cot (0)

69



70

APPENDIX B

EFFECTIVE ABSORBING AREA OF CONICAL SURFACES

Objective

The objective of this appendix is to obtain a general
formulation for the effective absorbing area of various conical
surfaces when exposed to the solar flux at solar elevations
from 0° to 90°. Several special caseé of conical surfaces are
shown in Figure B.l. Derivations of area for the inverted
truncated cone will be shown because this surface allows the
most convenient coordinate system for analysis. Results for
the non-inverted cases are‘similar, and will be stated but. not
derived. Note that the non-truncated cone may be considered a
specialcase of the truncated cone, with the radius of the trun-
cated end equal to zero, and the cylinder a special case with

equal end radii.

AV 08T

inverted truncated inverted
cone .
cone cylinder cone truncated
cone

Figure B.l - Conical Surface Considered in
Appendix B

Effective absorbing area (Aeff) is the projected area of
a conical surface exposed to direct solar fjlux. The area is
projected in a plane normal to the solar flux. Figure B.2
shows a perspective view of the exposed area of an inverted

truncated cone.
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Figure B.2 - Perspective View of Absorbing Area
of an Inverted Truncated Cone

Fiéure B.3 shows a side view

cone with the notation to be used

salar
flux R .
! Rog

s

-..—-.m-——J

ZB

Figure B.3 - Side View of

of an inverted truncated

in the analysis.

radius of top of conical
secondary

radius of bottom of conical
secondary

height of conical secondary

angle of conical side with
respect to horizontal

Inverted Truncated Cone
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Figure B.4 shows the area projected into a plané normal

to the solar flux, and set up in a coordinate system for analysis.

/

is

line X4

X axls

L. = apparent displacement of
top and bottom of conical
secondary due to solar
elevation (L = H cos(0))

Figure B.4 - Effective Area Coordinate System

The calculation of A ., may be simplified by breaking it
into three segments, such that Aeff = Atrap - Aseg £ + Aseg b

as shown in Figure B.5.

Aseg t

W

Figure B.5 - Breakdown of A_c. into Simpler Area

trap
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Figure B.4 shows the area projected into a plané normal

to the solar flux, and set up in a coordinate system for analysis.

4

is

top and bottom of conical
secondary due to solar
elevation (L = H cos(0))

2 L = apparent displacement of

Figure B.4 - Effective Area Coordinate System

The calculation of Aeff may be simplified by breaking it

into tnree segments, such that Aeff = Atrap - Aseg £ + Aseg b
as shown in Figure B.5.
| A
Atrap seg t

W

Figure B.5 - Breakdown of Aeff into Simpler Area
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Calculation of A and As

trap’ Aseg t’ egb

The top and bottom ci:rcular areas of a truncated cone
appear as ellipses when viewed from an oblique angle. Refer-
ring to Figure B.4, the equations for top and bottom ellipses

are as follows.

e=-(top ellipse)  —---+{B:l)

y = —sin(Ok/ R2T2 - Xz (B.2)

(negative root to maintain consistency
with Figure B.3; lower half of ellipse)

2 2 :
x, yrm)t o2 (bottom ellipse)  (B.3)
2 . 2 2B
1 sin” (0Q) :
s 2 _ 2
y = L sin(0) \/R2B X (B.4)

(negative root for lower half of ellipse)

Implicit differentiation of equation B.1l yields

- dy _ -2x sin2(0) _  x sin(0) (B.5)
dx 2y ) 2 _ 2 '
R2T - x

The coordinates of points Pl and P, in Figure B.4 are

Py = (x,y) = (x, -sin(0) /R?_tz s )
R 2
2B R
P, = (x',y")= (xg— _; _.i 2 2B 2
1 ' Rypr ~F .51n(e)q/R23 - 2"

2T

)
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The slope of lin £ and the slope of the ellipses in
Figure B.4 must be equal at points Pl and P2 since line X is

tangent at these points.

dy _ Y- VY ' (B. 6)

Equation B.6 may be solved for coordinates of P, in terms

2
of R,p, Ry ©, and H. . B
- PR et e o - - - ~..-.R R
. .2 2B 2

x sin(0) sin(6) R2T x“ + L + sin(9) §;; R2T
Rop = X | x - x Rop

o Ror
x= Bn®hO 1?2 sp o m - w2

L sin“ (0) 2B 2B 2T 2T

(B.7)
where the positive root is taken
for the right hand side of the
ellipse, and L = Hcos(0)

The value of x may now be used to calculate the areas of

the trapazoid and segments (see Figure B.5)

‘.h_i_*1

V4
Atrap 4 |
2B
X R R
= 2B ' 2T
Atrap z . (x - ﬁ;;) (B.8)

where z = (Hcos(Q) - RZTcos(eT) +
2

RZBCOS(OB))
2
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— . =1
and OT = 2 sin (x/RZT)

0, = 0,, since the ellipses are
B : -
geometrically similar

0 e
o s T, 2 T
Aseg ¢ = sin(@®) | 57R., x cos(z=IRy, (B.9)
for R2T 2 R2B
0 R
. B 2 2B S)
A _ sin(0) R - X (B.10)
seg b = 2 2B R2T cos(:2—~~)R2B

for R2T > RZB

Using equations B.8, B.9, and B.1l0, the effective

absorbing area of a cone may be calculated as

Aeff = Atrap - Aseg t ' Aseg b (B.11)
For determining Aeff of conical surface with 8 > %
the equations for Aseg ¢ and Aseg b become
A = sin(e) | 147 ~ O¢) O
seg t ———— R,..” - x cos(s=) R,p
2 2T 2 21
(B.12)
for R2T < R2B
A = sin(J) (2m - OB) 2 Ron Oy
seg b RZB - ﬁf—cos(——)RZB
2 2T 2
(B.13)
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